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Two new bis-bidentate imidazole-substituted nitronyl nitroxide biradicals, BNITIm-C2 (BNITIm-C2 = 1,1'-
(1,2-ethanediyl)bis(1H-imidazole-2-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide))  and
BNITIm-C4 (BNITIm-C4 = 1,1'-(1,4-butanediyl)bis(1H-imidazole-2-4,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazol-1-oxy-3-oxide)), and two series of lanthanide complexes, namely [(BNITIm-C2)Ln(NO3)s]
(MeOH) (Ln = Gd (1ga) and Tb (21)), (BNITIm-C2)Dy(NO3)s (3p,) and (BNITIm-C4)[Ln(hfac)s],(C;Hg)>
(Ln = Gd (4ga). Tb (51p) and Dy (6py). hfac = hexafluoroacetylacetonate), have been prepared and charac-
terized structurally and magnetically. Single crystal X-ray crystallographic analyses revealed that com-
plexes 1gg—3py exhibit 1D chain structures where the Ln(NOgz)s units are bridged by the BNITIm-C2 bis-
bidentate biradical, while complexes 4¢4—6py exhibit binuclear structures with two Ln(hfac)z units bridged
by the BNITIm-C4 biradical. The bulky hfac anions prohibit the further coordination of Ln'" to another NIT
ligand and the formation of a similar 1D chain structure. Due to the very long intra- and intermolecular
distances of the spin centers, complexes 1gq—3py can be magnetically regarded as an isolated 2p-4f-2p
tri-spin system while complex 4g4—6py Can be regarded as an isolated 2p—4f bi-spin system. Magnetic
analyses on the two Gd"' compounds revealed the ferromagnetic Gd"'~NIT interactions and antiferro-
magnetic NIT-NIT interactions through the Gd" ion in 1g4. Alternating-current (ac) magnetic susceptibility
investigations revealed that complex 5y, exhibits the typical SMM behavior under a zero dc field while
complex 6py was proved to be a field-induced SMM. Ab initio calculations were performed on complexes
21p and 51, to understand their magnetic anisotropy together with their different magnetic dynamics.
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ing effect of the outer 5s and 5p orbitals, which leads to a very
limited number of high T multinuclear Ln™ SMMs.? In this

Introduction

In the fast-developing field of single-molecule magnets
(SMMs), paramagnetic lanthanide ions, except for the spin-
only Gd™ ion, are very attractive because of their unquenched
orbital angular momentum and large magnetic anisotropy.'
High-performance Ln"" SMMs with very high energy barriers
(Uege ~ 2000 K) and high block temperatures (T ~ 60-80 K)
have been realized recently.” Meanwhile, the magnetic coup-
ling between Ln™ centers tends to be weak owing to the shield-
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sense, organic radicals with diffuse orbitals can pierce through
the outer shell of Ln™" ions and significantly enhance the mag-
netic couplings. This combination of strong magnetic coupling
and strong magnetic anisotropy has been proved to be very
efficient for the preparation of outstanding Ln-SMMs because
the strong magnetic coupling can effectively suppress the
quantum tunneling of magnetization (QTM) frequently
observed in Ln'™ complexes. Interesting examples include
dinuclear Ln, SMMs bridged by radicals such as N,™~
({[(Me;S1)oN]o(THF)Ln},(pn*n*N,)7)," bptz™™ ({[Dy(tmhd);],~
(bptz)}7),”  tppz”~  ([(Cp*2Dy)a(w-tppz)]’)," and  bpym™
([(Cp*,Ln),(p-bpym™)]),” and trinuclear Ln; SMMs bridged by
HAN™" (Cp*sLn;(i3-HAN))® and bptz™~ ([Dys(hfac)s(bptz')s]).”

Besides the radicals described above, nitronyl nitroxide rad-
icals (2-(R)-4,4,5,5-tetramethyl-4,5-dihydro-1Himidazol-1-oxy-3-
oxide, NITR) have been widely used to synthesize molecular
magnetic complexes."'" As NIT radicals can coordinate to
Ln™ ions using two O atoms, they can function as bridges

This journal is © The Royal Society of Chemistry 2022
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between the Ln"" ions. Moreover, the high stability and ease of
chemical modification make them useful for the construction
of new Ln-radical magnetic complexes with interesting pro-
perties, such as SMMs and SCMs.'**?

In addition to the already developed research of lanthanide
complexes based on mono NIT radicals, studies on the lantha-
nide complexes of biradicals containing two NIT units are
growing rapidly."**® The representative biradicals used for the
construction of Ln™ complexes, as shown in Scheme 1, are
mainly based on the ligands where the two NIT groups are
linked to the 1,4- or 1,3-positions of benzene or to the 2,5-posi-
tion of pyrazine. Actually, the first Dy-biradical SMM reported
in 2010 is based on the NITPh(3-NIT) ligand where two NIT
units were installed in the 1,3-position of a benzene mole-
cule.” Furthermore, decorating the 5-position of the NITPh(3-
NIT) ligand with several substituents such as pyridine and
imidazole rings further introduces more coordination sites
and enhances the bridging ability of the ligand. These new
ligands lead to a bunch of 2p-4f and 2p-3d-4f hetero-spin
compounds of new topologies and properties.’*'* Besides,
with a dipyridyl-decorated NIT biradical ligand, a Dy, complex
with a high energy barrier of 146 K has been reported.'® These
results clearly show that biradical ligands with two NIT units
are promising for the construction of interesting Ln-SMMs.

In the past few years, our group has also been working on
the development of new NIT ligands and related complexes.'”2°
We have designed several new NIT ligands such as bis-biden-
tate NIT-2-Pm with a pyrimidine substituent and bis-tridentate
NIT-Pm2Py with a di(pyridin-2-yl)pyrimidine substituent,
hoping to increase the coordination ability of NIT ligands by
introducing additional coordination groups adjacent to the
NIT unit. New 3d and 4f metal SMMs of these new radicals

BNITPh(5-R)

BNITIm-C2

BNITIm-C4

Scheme 1 Three kinds of benzene/pyrazine-based NIT biradicals
(upper) and two new imidazole-based NIT biradicals (bottom) used in
this work.
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have been prepared and characterized.'”'® In addition, we are
also interested in the construction of magnetic complexes
using biradical and triradical ligands. Along this line, in con-
sideration of the potential bridging ability of the pyrazine ring,
we have designed a new nitronyl nitroxide biradical BNITPz
(Scheme 1) where two NIT units were substituted in the 2,5-
position of a pyrazine molecule.”® However, during the reac-
tion with Ln(hfac);-2H,O salts, this biradical got reduced,
leading to a series of Ln, complexes with the reduced ligand.
As for the triradical ligand, we turned to the known BTR
ligand where the NIT units are in the 1,3,5-positions of
benzene. From this ligand, the first triradical bridged bi-
nuclear penta-spin SMM ([Dy,(hfac)s(BTR)]) was obtained
successfully.>’

Following these studies, herein we designed two new imid-
azole-substituted NIT biradicals, named BNITIm-C2 (BNITIm-
C2 = 1,1'-(1,2-ethanediyl)bis(1H-imidazole-2-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide)) and BNITIm-
C4 (BNITIm-C4 = 1,1'-(1,4-butanediyl)bis(1H-imidazole-
2-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide))
(Scheme 1). The design principle of these ligands includes the
following several points. (I) As have been reported widely in
the literature, imidazole-substituted NIT ligands are very inter-
esting as they can chelate the metal center and act as a brid-
ging ligand.>* However, biradicals based on the imidazole-sub-
stituted NIT ligands have not been investigated; (II) as both
the ends of these biradicals can chelate a metal center, these
bis-bidentate biradicals could be used as a spacer between two
metal centers, which might be very useful to construct
extended structures with high nuclearities such as multinuc-
lear clusters or high dimensionalities such as MOF structures;
and (III) flexible -C,H,~ and -C,Hg- groups between the two
imidazole rings can be in different conformations (gauche or
anti for the BNITIm-C2 ligand and even more conformations
for the BNITIm-C4 ligand). This flexibility adds more probabil-
ities for fine modification of the structures. With these ligands
and different metal salts, two series of Ln-biradical complexes,
[(BNITIm-C2)Ln(NO;);](MeOH) (Ln = Gd (1g4) and Tb (2yp)),
(BNITIm-C2)Dy(NO3); (Boy), and (BNITIm-C4)
[Ln(hfac);]>(C;Hs), (Ln = Gd (4a), Tb (51), and Dy (6py)), were
obtained. Complexes 1gq-3py exhibit 1D structures bridged by
the BNITIm-C2 ligand in the gauche conformation, while com-
plexes 4q-6py exhibit binuclear Ln, structures with Ln™
bridged by the BNITIm-C4 ligand in the anti conformation.
Magnetic measurements performed on these complexes
revealed the SMM behaviors under a zero dc field for 5, and
under an applied dc field for 6p,.

Experimental section
Materials and physical measurements

All preparations and manipulations were performed under
ambient conditions. The solvents (AR grade) were purchased
from commercial sources and used as received. Ln
(hfac);-2H,0 and the starting materials 1,2-di(imidazole-2-car-
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boxaldehyde)ethane and 1,4-di(imidazole-2-carboxaldehyde)
butane were prepared according to the reported method.>?
Powder XRD patterns were recorded on a Bruker D8X diffract-
ometer equipped with a monochromatized Cu-Ka (4 =
0.15418 nm) radiation source at room temperature, and the
data were collected in the range of 5° < 26 < 50° on the
ground crystalline samples for all complexes (Fig. S1f).
Infrared spectra were recorded on a Bruker Tensor 27 spectro-
photometer in the 400-4000 cm™" region using KBr pellets.
Elemental analyses of C, H, and N were performed using an
Elementar Vario MICRO analyzer. Magnetic measurements
were performed using a Quantum Design SQUID VSM magnet-
ometer on the ground single crystal samples for all complexes.
All magnetic data were corrected for the sample holder and
the diamagnetic contribution of the sample.

Syntheses of BNITIm-C2 and BNITIm-C4

The two biradical ligands can be obtained following the
reported Ullman’s method* using 1,2-di(imidazole-2-carboxal-
dehyde)ethane and 1,4-di(imidazole-2-carboxaldehyde)butane
as the starting aldehydes and further purified by flash column
chromatography (BNITIm-C2: silica gel, mixtures of MeOH/
CH,Cl,, 1: 1, v/v and BNITIm-C4: silica gel, mixtures of MeOH/
CH,Cl,, 1: 1, v/v). Yield: ca. 45-50%, purple powder. Elemental
analysis (%) calculated for BNITIm-C2 (C,,H3,N50,4): C 55.91,
H 6.82, N 23.71. Found: C 55.99, H 6.47, N 23.77; BNITIm-C4
(C24H36Ng0,): C 57.58, H 7.25, N 22.38. Found: C 57.52, H
7.19, N 22.41. FT-IR (KBr, cm™') for BNITIm-C2: 1471(m),
1445(m), 1410(s), 1368(s), 1281(m), 1214(m), 1167(s), 1138(s),
867(m), 779(m), 701(m), 538(m), 466(m); BNITIm-C4: 2985(m),
1467(m), 1405(s), 1367(s), 1272(m), 1171(s), 1141(s), 869(m),
758(m), 539(m).

Syntheses of complexes [(BNITIm-C2)Ln(NO;);](MeOH) (Ln =
Gd (1g4) and Tb (211,)) and (BNITIm-C2)Dy(NO3); (3py)

Complexes 1gq-3py were synthesized by mixing a 3 mL metha-
nol solution of BNITIm-C2 (0.0237 g, 0.05 mmol) and a 3 mL
methanol solution of Ln(NO;);-6H,0 (0.1 mmol). The solution
was stirred for 2 hours at room temperature before it was fil-
tered. The clear blue filtrate was diffused with diethyl ether
vapor at room temperature. Block dark blue crystals were
obtained over several days. Yield: ca. 45%-50%.

Elemental analysis (%) calculated for 1gq (CpH3,N110413Gd):
C, 32.39; H, 3.95; N, 18.89. Found: C, 32.30; H, 4.07; N, 19.11;
21 (C22H3,N1;0413Th): C, 32.32; H, 3.95; N, 18.85. Found: C,
32.54; H, 4.07; N, 19.24; 3py (C5,H3,Ny1;043Dy): C, 32.18; H,
3.93; N, 18.77. Found: C, 32.18; H, 3.99; N, 18.73. The elemen-
tal analysis results of 1g4 and 21y, correspond to the desolvated
formula as they are prone to lose the crystallized methanol
molecules after they are removed from the solution.

Selected FT-IR data (KBr, cm™ ') for 1gq: 3140(w), 2987(w),
1461(s), 1371(s), 1294(s), 1271(s), 1175(s), 1127(s), 1035(m),
779(m), 542(m); 2q,: 3140(w), 2988(w), 1463(s), 1371(s),
1295(s), 1271(s), 1175(s), 1128(s), 1035(m), 779(m), 542(m);
3py: 3138(w), 2988(w), 1464(s), 1371(s), 1298(s), 1272(s),
1175(s), 1128(s), 1037(m), 778(m), 542(m).
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Syntheses of complexes (BNITIm-C4)[Ln(hfac);],(C,Hs),
[Ln = Gd (4Ga), Tb (511), and Dy (6py)]

Ln(hfac);-2H,0 (0.1 mmol) was suspended in 20 mL of dry
methylbenzene, which was kept under reflux for 3 hours.
Afterward, 0.0251 g (0.05 mmol) of BNITIm-C4 was added with
stirring for 3 minutes. The solution was cooled to room temp-
erature, filtered, and left undisturbed. Dark blue plate-like
single crystals of 4Gq—6py suitable for X-ray diffraction were
obtained after 3 days. Yield: ca. 55-60%.

Elemental analysis (%) calculated for  4gq
(Cs4H4oNgO,6F36Gd,): C, 31.53; H, 2.06; N, 5.45. Found: C,
31.39; H, 2.11; N, 5.40; 5qp (C54H42NgO16F3¢Th,): C, 31.47; H,
2.05; N, 5.44. Found: C, 31.35; H, 2.04; N, 5.47; 6py,
(Cs4H4oNgO16F36Dy,): C, 31.37; H, 2.05; N, 5.42. Found: C,
31.39; H, 2.06; N, 5.42. The elemental analysis results of 44—
6y correspond also to the desolvated formula due to the same
desolvation problem as in 1gq and 2y,

Selected FT-IR data (KBr, cm™") for 4gq: 3140(w), 1650(s),
1478(s), 1252(s), 1197(s), 1138(s), 1098(s), 798(m), 659(m),
585(m); 5pp: 3140(w), 1649(s), 1478(s), 1254(s), 1201(s), 1139(s),
1099(s), 799(m), 659(m), 583(m); 6py: 3141(w), 1650(s), 1479(s),
1252(s), 1198(s), 1137(s), 1099(s), 800(m), 661(m), 583(m).

X-Ray crystallography

Single crystal X-ray data of 1gq—6py were collected on a Bruker
APEX Duo diffractometer with a CCD area detector (Mo-Ka
radiation, 1 = 0.71073 A). To avoid desolvation, crystals were
covered with oil and quickly placed under a nitrogen flow at
193 K. The APEX" program was used to determine the unit cell
parameters and for data collection. The data were integrated
and corrected for Lorentz and polarization effects using
SAINT.** Empirical absorption corrections were applied with
SADABS.” The structures were solved by direct methods and
refined by the full-matrix least-squares method on F using the
SHELXTL software package.”® All the non-hydrogen atoms
were refined anisotropically. Hydrogen atoms of the organic
ligands were refined as riding on the corresponding non-
hydrogen atoms. Additional details of data collection and
structural refinement parameters are provided in Table 1.
Selected bond lengths and bond angles are listed in Tables S1-
S6.1

Results and discussion
Synthesis

Using the general Ullman’s method,*® two new biradicals with
two imidazole-based NIT ligands linked by flexible alkyl
chains of different lengths (-C,H,- and —-C,Hg-) were designed
and synthesized. From these two biradicals, two series of
lanthanide compounds with different structures can be syn-
thesized. We noticed that using the Ln(hfac);-2H,O starting
material, dinuclear structures can be obtained from the
BNITIm-C4 ligand where the —-C,Hg- group adopts the anti
conformation (vide post). However, using the Ln(NO3);-6H,0
starting material with a sterically less demanding anion, one-

This journal is © The Royal Society of Chemistry 2022
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Table 1 Crystallographic data and structural refinement parameters for complexes 1gq—6py

Complexes 1Ga 21h 3py 4Ga 51 6py
Formula Cy3H36GAN11014  Cp3HzeTbN1;O14  CppH3zpDyNy3O13  CesHssFaeGdaNgO1s  CosHsgFagThaNgOrs  CogHssFasDy2NsOse
Formula weight 847.88 849.55 821.08 2241.72 2245.06 2252.22
T/K 193 193 193 193 193 193

Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic
Space group P2,2,24 P2,2.24 P2,2.24 C2/c C2/c C2/c

alA 10.6136(4) 10.6001(10) 10.5430(4) 43.0794(16) 43.1578(17) 43.362(2)
blA 17.0969(6) 17.0958(17) 16.8740(7) 10.7816(4) 10.7660(5) 10.8235(5)
c/A 17.6798(6) 17.6717(18) 17.4368(7) 22.2970(8) 22.3304(11) 22.3344(10)
al°® 90 90 90 90 90 90

Bl 90 90 90 119.609(2) 119.7990(10) 119.897(3)
7/° 90 90 90 90 90 90

VIA® 3208.2(2) 3202.4(5) 4252.4(9) 9003.8(6) 9003.6(7) 9087.1(8)

Z 4 4 4 4 4 4

F(000) 1708.0 1712.0 1644.0 4408.0 4416.0 4424.0
Flack parameter 0.005(3) 0.032(11) 0.007(3) — — —
Collected refl. 30441 29 541 28 349 42158 38396 41344
Unique refl. 7303 7337 7114 10 326 10208 10411

Rint 0.0268 0.0558 0.0595 0.0423 0.0550 0.0506
GOF 1.025 1.042 1.060 1.043 1.045 1.040

Ry % WR, " (I>20(1)
Ry, WR, (all data)

0.0173, 0.0460
0.0182, 0.0465

0.0298, 0.0655
0.0350, 0.0679

0.0199, 0.0484
0.0207, 0.0487

0.0348, 0.0906
0.0398, 0.0942

0.0459, 0.1305
0.0595, 0.1448

0.0395, 0.1083
0.0478, 0.1148

“Ry = Z||Fo| = |Fel [/ Z|Fol. " wRy = {Z[W(F” = FEYY ZW(E) T,

dimensional coordination polymers bridged by the BNITIm-C2
ligand where the -C,H,- group adopts the gauche confor-
mation were prepared. Attempts to synthesize the pure binuc-
lear compounds of BNITIm-C2 using the Ln(hfac);-2H,O start-
ing material and the 1D complexes of BNITIm-C4 using the Ln
(NO3)3-6H,0 starting material have been made and no success
was achieved. Either no crystalline complex can be obtained
(for Ln(NOj3)5-6H,0 + BNITIm-C4) or the obtained materials
are considerably impure (for Ln(hfac);-2H,O + BNITIm-C2).
Therefore, we fully characterized and reported the structures
and magnetic properties of two series complexes 1g4-3py and
4Gd_6Dy-

Description of the crystal structures

Structures of complexes 14-3py. Single crystal X-ray analyses
revealed that complexes 1gq-3py are isostructural and crystal-
lize in the orthorhombic chiral space group of P2,2,2; with Z =
4. Except for the existence of the crystallized methanol mole-
cule in compounds 14 and 2, these three complexes have
the same structure. In general, they are helical one-dimen-
sional coordination polymers where the Ln™ centers are
bridged by the bis-bidentate biradical ligand BNITIm-C2
(Fig. 1a). In the structure, there is only one crystallographic
unique Ln™ center and one BNITIm-C2 ligand. The Ln™
centers in complexes 1g4-3py are coordinated by three steri-
cally less demanding nitrate anions (compared with the three
much larger hfac anions in complexes 4gq—6py, vide post).
These smaller nitrate anions have smaller steric hindrances
and leave enough space around the Ln"™" center, which enables
two bidentate imidazole-NIT units to coordinate to one Ln™
center. Therefore, the Ln™ centers are all in a 10-coordinated
N,Og environment with four coordinated atoms (02, N3, and
04, N6) from two chelating NIT parts of two BNITIm-C2

This journal is © The Royal Society of Chemistry 2022

Fig. 1 (a) Helical chain structure of 1gq—3py. H, F, solvent molecules
and nitrates are not shown for the sake of clarity and (b) the co-
ordination environment (left) and polyhedron (right) of the Ln" ions in
1ca—3py.

ligands as well as six oxygen atoms from three chelating
nitrate anions (05, 07, 08, 011, 013 and 010, Fig. 1b). The
coordination geometry of these Ln"™ centers can be judged
from the CShM values (continuous shape measures, relative to
the specific ideal polyhedron calculated using the program
Shape 2.1).>” The resulting least CShM values of the Ln™
values (2.353, 2.324, and 2.158 for 1g4-3py, respectively) indi-
cate the C,, sphenocorona geometry (JSPC-10, Table S71) of
the Ln'™ centers. The Ln-O,,q and Ln-N,.q bonds are in the
range of 2.378(3)-2.416(2) A and 2.545(3)-2.604(3) A. The
angles of N3-Ln1-O2 and N6-Ln1-O4 fall in the range of
68.92-73.65° and 68.60-73.19°, while the NO-Ln angles of N2-
02-Ln1 and N7-O4-Lnl range from 123.82 to 131.63° and

Dalton Trans., 2022, 51,12362-12372 | 12365
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124.83 to 131.03°, respectively. These bond lengths and angles
are of the normal values as in the reported Ln-NIT complexes.*®

The Ln"™ centers in 1g4-3py are further linked by the bis-
bidentate BNITIm-C2 ligand to form a one-dimensional chain
structure along the b axis. On each side of the BNITIm-C2
ligand, the ligand uses one oxygen atom from nitronyl nitrox-
ide (O2 or O4) and one nitrogen atom from the imidazole ring
(N3 or N6) to coordinate with the Ln™ ion. Unfortunately, the
other two oxygen atoms (O1 and O3) of the NIT units in the bi-
radical ligand remain uncoordinated, which prohibits the for-
mation of higher dimensional structures. Interestingly, the
flexible BNITIm-C2 ligand is of gauche conformation with an
N4-C12-C11-N5 torsion angle of 71.84-72.96°. The two imid-
azole rings are in the gauche form and the whole BNITIm-C2
ligand is of an angular shape (Fig. 2a). Interestingly, the
gauche conformation and angular shape of the ligand lead to a
helical structure of the chain. As can be seen from Fig. S2,T all
the helical chains have a right-handed helix along the b axis,
which makes the structure crystallized in a chiral space group.
Although this angular shape of the ligand leads to reduced
intrachain NO---ON distances (O1.-03 about 4.0 A) and
Ln--Ln distance (around 8.8 A), these distances are still too
long for any efficient magnetic coupling. Finally, the closest
intermolecular Ln---Ln separations fall in the range of
9.4-9.6 A. These long distances should prohibit any efficient
magnetic coupling between the spin centers. Therefore, mag-
netically speaking, complexes 1gq-3py can be safely regarded
as isolated 2p-4f-2p tri-spin systems despite their 1D chain
structures.

Structures of complexes 4q—6py. Complexes 4ga-6py are also
isostructural and crystallize in the monoclinic space group of
C2/c with Z = 4. As shown in Fig. 3, they are all binuclear (4f-

(@) (b)

Fig. 2 (a) The gauche conformation of BNITIm-C2 in complexes 14—
3py and (b) the anti conformation of BNITIm-C4 in complexes 4cq—6py.

Fig. 3 (a) Molecular structure of 4g4—6py. H, F, and solvent molecules
are omitted for clarity and (b) the coordination polyhedron of the Ln'"
ions in 4G4—6py.
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2p), tetra-spin systems of similar structures, where the two
crystallographic related lanthanide centers are bridged by a
bis-bidentate ligand BNITIm-C4 located in the inversion
center. Therefore, only one Ln(hfac); fragment and a half of
the BNITIm-C4 ligand are crystallographic independent.
Different from the gauche conformation of the BNITIm-C2
ligand in 1gq-3py, the flexible BNITIm-C4 ligand adopts an
anti conformation with all the torsion angles of N1-C1-C2-
C2A, C1-C2-C2A-C1A, and C2-C2A-C1A-N1A being 180°,
which means that the two imidazole-based NIT units are in
the staggered conformation, and the whole flexible BNITIm-C4
ligand is of a linear shape (Fig. 2b). Similar to 1ggq-3py, the
BNITIm-C4 ligand uses two oxygen atoms from nitronyl nitrox-
ide (02 or O2A) to coordinate with the Ln™ ion, while the
other two oxygen atoms from the NIT parts (O1 and O1A)
remain uncoordinated. Although all of the N-O bond lengths
match with those reported in other NIT radicals,”® the co-
ordinated N-O bonds (N4-O2 and N4A-O2A, 1.296(3)-1.299(4)
A) are a bit longer than the uncoordinated bonds (N3-01 and
N3A-O1A, 1.263(5)-1.270(4) A, Tables S4-561).

As for the Ln™ centers, they are all in a similar eight-co-
ordinated N, O, environment with one O atom and one N atom
from the BNITIm-C4 ligand, and six O atoms from three hfac
anions. As can be seen from the CShM values calculated using
Shape 2.1 (Table S71),”” the coordination geometries of these
Ln"™ centers are the square antiprism of a D,q geometry
(SAPR-8) with the CShM values of 1.812, 1.809 and 1.793,
respectively. The Ln-O,,q distances fall in the range of 2.345
(3)-2.366(2) A, and the Ln-N,,q bond lengths are found in the
interval of 2.500(3)-2.520(2) A for 4Gq-6py, respectively. The
angles of N2-Ln1-02 (or N2A-Ln2-O2A) are in the range of
70.51-70.88°. The NO-Ln angles of N4-O2-Ln1 (or N4A-O2A-
Ln2) are around 127°, which is very close to the values of NO-
Ln angles in 1gq-3p,- These bond lengths and angles agree
with the reported values for Ln-NIT radical complexes.>® Due
to the long distance of the two NIT radicals of the BNITIm-C4
ligand in the anti conformation, the intramolecular NO---ON
distances between the uncoordinated O atoms (6.970(7)-6.979
(4) A) and the intramolecular Ln---Ln distances (around 15 A)
are much longer than those distances in complexes 1gq-3py
where the BNITIM-C2 ligands are in the gauche conformation.
In addition, these binuclear molecules are also isolated from
each other with the closest intermolecular Ln---Ln separations
falling in the range of 10.8-10.9 A. These long distances prohi-
bit any efficient magnetic coupling between the (4f-2p) units.

Magnetic properties

Variable-temperature dc magnetic susceptibility data for com-
plexes 1gq-6p, were measured under an external dc (direct
current) field of 1000 Oe from 2.0 to 300 K and the yT vs. T
curves are shown in Fig. 4a and 5a. The experimental y\T
values were calculated according to the radical-Ln-radical
repeating units for complexes 1ga-3py and (Ln-radical), units
for 4gq—6py (for 4gq—6py, formulas without the crystallized
methylbenzene were used for the calculation of magnetic
data). The relevant experimental and theoretical values are

This journal is © The Royal Society of Chemistry 2022
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complexes 21y, 3py. S5tb and 6p,.

Table 2 The room temperature ymT values (abbreviated as (ymT)exp)
and magnetizations (abbreviated as Meyp) of 164—6py (emu K mol™2, Np),
together with their calculated values and the g; and 25*L; values for
lanthanides

Complexes 1Ga 21h 3py 4Ga 51 6py
(T exp 9.20 13.32  14.07 16.93  24.66  28.89
(mT)eal 8.63 12.57 14.92 16.51 24.39 29.09
Mexp 8.98 6.76 7.65 15.72 10.83 12.40
My 9 11 12 16 20 22

g 2 3/2 4/3 2 3/2 4/3

i %S,/ Fe *His) %S,/ Fe *His)s

listed in Table 2. As can be seen, the experimental room temp-
erature y\T values are very close to the expected values for the
corresponding repeating units of the uncoupled spin centers
(2p-4f-2p for 1G4-3py and (2p-4f), for 4g4—6py, respectively).
Upon cooling, the yuT value of 1g4 gradually increases with
the temperature to reach a maximum of 10.34 cm® K mol™" at
7 K and decreases again to a value of 10.01 ecm® K mol™" at
2.0 K. As for complex 44, the ymT value increases slowly to a
maximum value of 19.76 cm® K mol " at 2.0 K. The results
suggest the dominated ferromagnetic couplings within the
Gd™ and NIT radicals in 1¢q and 4¢q.

On the other hand, for complexes 2y, and 6py, the yuT
values gradually decrease with the temperature to reach a
minimum of 11.80 cm® K mol™ at 41 K for 24, and 25.90 cm’®
K mol " at 15 K for 6py, and then increase again to the
maximum values of 13.01 and 27.34 cm® K mol™ at 2.0 K,
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respectively. For complexes 3p, and 51y, their yuT versus T
curves decrease monotonously upon cooling down to 2 K to
reach the minimum values of 11.17 and 20.60 cm® K mol™,
respectively. For all these complexes, the decrease of the yuT
values in the high-temperature region may be attributed to the
possible antiferromagnetic interaction between the NIT and
Ln"™ ions and/or the progressive thermal depopulation of the
excited Stark sub-levels of Ln™ ions. On the other hand, the
upward curves of complexes 2y, and 6py in the low-temperature
region might suggest the ferromagnetic Ln-radical couplings.

Field-dependent magnetizations for these complexes were
also measured at 2.0 K in the field range of 0-70 kOe (Fig. 4b
and 5b). As can be seen, the M(H) curves show typical para-
magnetic behavior: they exhibit a fast rise at low fields and a
more gradual but continuous increase at high fields, reaching
the highest values at 70 kOe. The highest values (listed in
Table 2, together with their theoretical saturation values) are
far from saturation except for Gd™ complexes 1gq and 4gq,
which can be attributed to the magnetic anisotropy of Ln™
ions (Tb and Dy) and/or low lying excited states. No hysteresis
effects can be observed for all complexes at 2 K.

For the Gd™ complexes, magnetic coupling interactions
between Gd™ and the radical can be easily obtained from the
fitting of magnetic data because of the spin-only character of
the GA™ center. For complex 1¢q, in terms of its crystal struc-
ture and the reported similar Gd-NIT complexes,*® magnetic
interactions between Gd™ and the coordinated NIT radicals
and the exchange interaction between two NIT radicals via the
Gd"™ ions should be considered to describe its magnetic be-
havior. These magnetic interactions are expected to be domi-
nant because other magnetic interactions (including the coup-
ling between two radicals within the biradical ligand and the
intermolecular dipole-dipole interactions) are supposed to be
very weak and neglected. Since the Gd-O bond lengths and
Gd-O-N bond angles for the two coordinated radicals show
only slight differences, these two Gd-radical interactions can
be considered the same to avoid overparameterization. Hence,
the magnetic interaction in complex 1g4 can be described as a
Rad-Gd-Rad unit as shown in Scheme 2a with two coupling
constants with a spin Hamiltonian A = —2J;(Sraa1Sca +
Srad28Gd) — 2J>SradiSraqz- The simultaneous fitting of the
mT(T) and M(H) data using PHI software®" results in the fol-

lowing magnetic parameters: J; = 0.83 cm™ ', J, = —3.65 cm ™,

a
(@) 7 7
Radi Gd) Rad2
| |
J,

(b)

T

Gdl | Rad1l Rad2 Gd2
4 )

Scheme 2 (a) Magnetic exchange coupling scheme in complex 1g4 and
(b) magnetic exchange coupling scheme in complex 4gg4.
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and g = 2.02. The positive J; value is consistent with the ferro-
magnetic interaction between Gd™ and the NIT radicals, while
the negative J, value indicates the antiferromagnetic coupling
between two NIT radicals through the Gd™ ion. These values
are similar to the literature values for GA™-NIT complexes.*
The ferromagnetic exchange between Gd™ and the NIT radical
can be attributed to the electron transfer from the NIT =n*
orbital to the empty Gd"™ 5d or 6s orbitals, which should lead
to a ground spin state with a higher multiplicity according to
the Hund’s rule.®” On the other hand, the superexchange
through the empty GA™ 5d orbitals is responsible for the anti-
ferromagnetic interaction between two NIT radicals, as found
in other Gd"-NIT complexes.**

As for complex 4¢q, the magnetic interaction between Gd™
and the coordinated NIT radical (/) is considered by neglecting
other weak magnetic interactions. Thus, the magnetic unit of
complex 4gq can be regarded as a simple (Gd-Rad), unit
(Scheme 2b) with the Hamiltonian equation: H =
—2J(Srad1Sca1 + SraazScaz). The best fit yields a J value of
2.46 cm™" with a g value of 1.99. As mentioned above, since
the Gd-O bond lengths and the N-O-Gd bond angles of the
NO-Gd parts for both complexes 1gq and 44 are very similar,
the higher J value in 4G4 may be related to the electron-with-
drawing character of the hfac ligands on Gd™ ions for 4¢gq,
which could favor NO — Gd electron delocalization from the
SOMO of the NIT ligand.**

To check if the complexes containing anisotropic Tb™ and
Dy™ ions exhibit slow magnetic relaxation, alternating current
(ac) magnetic susceptibilities were measured for these com-
plexes (Fig. 6, 7, and 9 and Fig. S5 and S6t). For complexes 2y,
and 3py,, no observable out-of-phase (y"v) signals were
observed even under an applied dc field, precluding the possi-
bility of SMM behavior for these complexes (Fig. S57).
However, for complex 6py, although no y"y signals could be
observed under a zero dc field (Fig. S61), temperature- and fre-
quency-dependent ac data can be observed under an external
dc field of 1 kOe indicating the existence of field-induced slow
magnetic relaxation (Fig. 6). However, no peaks can be

(a) (b)
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Fig. 6 Variable-frequency (a) and variable-temperature (b) ac magnetic
susceptibility data obtained for complex 6py in a 1000 Oe dc field.
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Fig. 7 Temperature- (a) and frequency-dependent (b) ac magnetic sus-
ceptibility data obtained for complex 51, under a zero dc field.

observed indicating a very small energy barrier. No further ana-
lysis was performed on this complex.

For complex 5y, however, frequency-dependent ac y"y
peaks were observed under a zero dc field (Fig. 7b), indicating
that complex 5y, is a typical SMM. As we can see from the
temperature-dependent ac data (Fig. 7a), obvious ac suscepti-
bility peaks can only be observed at high frequencies, and the
curves show upcoming tails upon cooling to 2 K. In addition,
the peaks of the y"\; curves in the frequency-dependent data
appear at the same frequency at 2.0 to 2.6 K. These behaviors
are very typical for the existence of the QTM effect.

From the frequency-dependent ac data measured at temp-
eratures from 2.0 to 4.0 K, Cole-Cole diagrams were con-
structed and fitted using the generalized Debye model to give
the relaxation time 7z and its distribution parameter a (Fig. 8a
and Table S87). An Arrhenius plot (Inz vs. T~ ') was then con-
structed from these data (Fig. 8b). The plot has a linear shape
at high temperatures and flattens significantly at low tempera-
tures, indicating the existence of multi-relaxation processes.
Several attempts have been made to fit the Inz vs. T~" plot by
considering different relaxation processes such as Orbach,
Raman, and QTM processes. The best-fitting was achieved
when considering the Orbach and QTM processes using the
equation 7' = tqrm | + 7o " exp(—Ues/ksT), giving the follow-

—_
®
=

20l H, =00e
” H,_=20e
'g 15
"'E 10
= 1
S U,=19.8cm
g 7,=3.3x10%

—— Orbach+QTM

025 030 035 040 045 050

TYK?!

,1'M'/cm3~mol'I

Fig. 8 (a) Cole—Cole plots of 51, from 2.0 to 4.0 K, the solid lines rep-
resent the fitting using the generalized Debye model and (b) the Inz vs.
T-* graph for 51, under a zero dc field (red line: the fitting result consid-
ering Orbach and QTM processes).
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ing parameters: energy barrier Uy = 19.8 cm ™", pre-exponen-
tial factor z, = 3.3 x 10% 5, and QTM time constant Torm = 4.3
x 10™* s. In addition, a 1 kOe dc field was applied to suppress
the QTM effect, leading to the temperature- and frequency-
dependent ac curves in Fig. 9. Clear frequency-dependent
peaks above 2 K were observed. From the same treatment of
these data (Cole-Cole plots in Fig. 10a and Debye fitting
results in Table S971), the resulting Arrhenius plot (Fig. 10b) is
now a straight line down to 2 K, which can be fit by the
Arrhenius law 7 = 7y exp(Ues/ksT) considering only the ther-
mally activated Orbach process. The obtained Uy value is
28.4 cm™ " with a 7, value of 4.6 x 107% s (Fig. 10b).

To understand the different magnetic relaxation behaviors
of complexes 24, and 51, complete-active-space self-consistent
field (CASSCF) calculations on individual Tb™ fragments of
21, and 5, have been carried out with OpenMolcas®® and
SINGLE_ANISO**® programs (see the ESI{ for details). The
calculated energy levels (cm™), g (g, g, and g,) tensors, and
the predominant m; values of the lowest seven spin-orbit
states of 2y, and 5y, are shown in Table S10.1 The lowest non-
Kramers doublets of 2, and 51y, have the largest m; values (m;
= +6), indicating the easy-axis magnetic anisotropy. The main
magnetic axes on the Tb™ ions of 2y, and 5yy, in their ground
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Fig. 9 Temperature- (a) and frequency-dependent (b) ac magnetic sus-
ceptibility data obtained for complex 51, in a 1000 Oe dc field.
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T-! graph for 51, under a 1 kOe dc field (red-line: an Arrhenius fitting
curve considering only the Orbach process).
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states are shown in Fig. S8,7 which don’t seem to point in any
specific direction. The mixed m; components for the lowest
two doublets of the individual Tb™ fragments of 2y, and 5y
are shown in Table S11.7 As we can see, although the wave-
functions of the ground spin-orbit states of the individual
Tb™ fragments of 2, and 5y, are both mainly composed of
|+6), the ground states of 2p, have more proportions of the
states of smaller m;. The calculated magnetization blocking
barriers of the individual Tb™ fragments of 2y, and 5y, are
shown in Fig. 11. The calculated energy of the first excited
doublets in 57y, is higher than that in 24y,. The transverse mag-
netic moments in the ground spin-orbit states decrease from
3.4 cm™ in 24y to 0.8 cm ™! in 51y. Furthermore, the calculated
weights of the axial parameter B(2,0) also increase from 2y, to
5mp (Table S12t). These results all together show that the axial
symmetry of 51y, is higher than that of 24y, consistent with the
experimental results.

Furthermore, although the magnetic anisotropy of 2y, and
51, mainly arises from the individual Th™ ions, the Th™-NO
and NO-NO interactions may have some certain influence
on slow magnetic relaxation processes. The program
POLY_ANISO®*?® within the Lines model*® was used to fit the
Lines exchange coupling constants J; and J, (with the same
Hamiltonian as in compounds 1gq and 4gq) through compari-
son of the computed and measured magnetic susceptibilities
for 2q, and 5. The calculations were performed using the
pseudospin S, = 1/2 of the Tb™ ion and the spin Sgaq = 1/2 of
the NIT radical (see the ESI} for details). The calculated and
experimental y\T versus T plots of complexes 2y, and 5y, are
shown in Fig. S9,7 which indicate that the fits are close to the
experiments for 2y, and 5qp.*° The effective magnetic coupling
constants J; between the Tb™ ion and the NIT radicals in 2qy,
and 5y, are found to be 4.0 cm™ and —0.9 cm™, while the
coupling constant J, between the NIT radicals through the
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4— -
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Fig. 11 Magnetization blocking barriers of the individual Tb"' ions in 21,
(a) and 51p (b). The thick black lines represent the spin—orbit states as a
function of their magnetic moments along the magnetic axis. The green
lines correspond to diagonal quantum tunneling of magnetizations
(QTMs); the blue lines represent the off-diagonal relaxation process. The
path shown by the red arrows represents the most probable path for
magnetic relaxation in the corresponding compounds. The numbers at
each arrow stand for the mean absolute value of the corresponding
matrix elements of transition magnetic moment.
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Tb™ ion in 2q is —0.8 cm™'. These results indicate that the
interaction between Tb™ and NIT radicals is antiferromagnetic
in 57, and ferromagnetic in 2, while the interaction between
NIT radicals through the Tb™ ion in 2y, is antiferromagnetic.
From these J values, the exchange energies and the main
values of g, for the lowest exchange doublets of 2y, and 5y
were calculated and are shown in Table S13.1 As can be seen,
due to the small exchange coupling, the exchange energies are
quite small. This means that the SMM behavior of 5y is
indeed mainly a single-ion behavior.

Discussions

In comparison with traditional diamagnetic ligands, the
coordination ability of NIT radicals to the metal centers is
expected to be weak. Metal salts containing strong electron-
withdrawing anions such as hfac are usually used to enhance
coordination. Auxiliary functional groups such as pyridine,
pyrimidine, and others have been introduced adjacent to the
NIT ligand to promote the coordination ability of the NO
group.*' In this way, metal salts free of strong electron-with-
drawing ligands, such as nitrates, can be utilized to directly
coordinate with the NIT radicals. Along this line, we have pre-
pared several interesting NIT ligands, such as bis-bidentate
NIT-2-Pm and bis-tridentate NIT-Pm2Py.'”'® Using these
ligands, NIT radical bridged 3d and 4f complexes have been
reported and several of them show field-induced SMM
behaviors."”*® In the case of biradical ligands, we previously
prepared a pyrazine substituent bis-bidentate nitronyl nitrox-
ide biradical BNITPz."® With this ligand, we hope to prepare
new Ln™ complexes with interesting properties. However, due
to some uncontrollable factors, the BNITPz biradical ligand
was reduced during the reaction and no related lanthanide
compound with this biradical was obtained."® Besides, as men-
tioned in the Introduction section, a handful of bis-NIT co-
ordinated lanthanide compounds have been reported and
some of them show interesting structures and magnetic pro-
perties. These biradicals are mainly based on 1,3-benzene or
1,4-benzene motifs.">'® To continue our work for more lantha-
nide-biradical complexes, we connected the 2-imidazole substi-
tuted NIT ligand with two alkyl chains of different lengths and
flexibilities. Two bis-bidentate biradical ligands BNITIm-C2
and BNITIm-C4 have been prepared and a series of lanthanide
complexes based on these ligands have been synthesized. We
hope to take advantage of both the bridging and chelating
ability of these new biradicals to construct extended magnetic
clusters or polymers with interesting magnetic properties.
Structurally speaking, the bidentate character of the imidazole-
based ligand has a stronger coordination ability and can coor-
dinate to lanthanide centers without hfac anions, which are
usually harmful for the construction of extended structures of
higher nuclearities and dimensionalities. The chelating ability
of these ligands has been shown in all of these complexes. In
addition, benefitting from the strong chelating ability of the
biradical ligand BNITIm-C2, we used lanthanide nitrates
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instead of Ln(hfac);-2H,O salts and successfully constructed
three one-dimensional Ln-biradical complexes. However, these
1D complexes only partly proved the validity of our synthetic
strategy as the dimensionality of these complexes is still low.
The possible reason for this is that three chelating nitrates
around the Ln'" centers are still too crowded, which leaves only
enough place for two bidentate chelating NIT units. Therefore,
only two bidentate NIT units have coordinated to one Ln™
center, and this explains the formation of 1D complexes
bridged by the bis-bidentate biradical ligand. However, we
anticipate that using smaller monodentate anions for the syn-
thesis might open up more spaces around the Ln™ centers for
the bidentate NIT units, and materials of higher nuclearity and
dimensionality might be possible. In addition, the alkyl chains
between the two NIT units make these biradicals more flexible
and this flexibility can lead to more possibilities for complexes
with new structure types and eventually interesting properties.

Conclusions

In summary, from two newly designed imidazole-substituted
NIT biradicals with bridging and chelating ability, we have suc-
ceeded in constructing three new binuclear and three new one-
dimensional lanthanide complexes and their magnetic pro-
perties have been investigated. The binuclear tetra-spin clus-
ters possess (4f-2p), structural units, in which the BNITIm-C4
biradicals in the anti conformation act as a bridging ligand to
bind with two Ln™ centers in chelating mode. On the other
hand, the one-dimensional complexes consist of (2p-4f-2p)
units bridged by the BNITIm-C2 biradicals in the gauche con-
formation. The sterically less demanding nitrate anions are
believed to be critical for the formation of 1D coordination
chains since they leave enough space around the Ln™ center
and enable two bidentate imidazole-NIT units to coordinate to
one Ln™ center. Magnetic studies revealed the ferromagnetic
magnetic interaction between Gd™ and NIT and the antiferro-
magnetic interaction between two NIT units through the Gd™
center. AC magnetic investigations showed that the binuclear
Tbh™ complex is a typical SMM under a zero dc field, the binuc-
lear Dy complex is a field-induced SMM, while the one-
dimensional Tb™ and Dy™ complexes show only simple para-
magnetic behavior. Attempts towards complexes of multinuc-
lear clusters and even high-dimensional structures based on
these biradicals are in progress in our lab.
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